INTRODUCTION
The hammerhead structure is the hallmark for a class of naturally occurring self-cleaving RNAs (2, 3) . Such an RNA motif is found in certain satellites of some plant viruses, two viroids and an RNA transcript of newt (reviewed in 4, 5) . All these RNAs cleave in cis at a defined position of the hammerhead. The principle of the reaction could be exploited to generate specific RNA enzymes (ribozymes) that cleave a substrate RNA in trans (6, 7) . Such a specific hammerhead ribozyme consists of the actual catalytic domain flanked by two antisense arms that bind to the target RNA via Watson-Crick base pairing and form helices I and HI according to the numbering system of Hertel et al. (1) . In view of the simple sequence requirements it is possible to generate hammerhead ribozymes against practically any target RNA and it is hoped that hammerhead ribozymes can be applied as a tool for gene suppression and and-viral therapy (reviewed in 8). A number of mutational studies have investigated the role of individual nucleotides within the hammerhead structure and their influence on the catalytic properties (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . So far relatively little attention has been paid to the nature of the nucleotides that are located outside of the actual catalytic domain of a hammerhead ribozyme and that base-pair with the substrate RNA (27) (28) (29) . These nucleotides provide the specificity of the ribozyme but may also influence the catalytic activity as well. In this work we report about several deletions or base-changes of nucleotides in helices I and HI which are next to the catalytic domain ( Figure 1 ) and their influence on the overall cleavage activity of catalytic antisense RNAs.
MATERIALS AND METHODS
General techniques were performed according to the protocols described by Sambrook et al. (30) .
Ribozyme construction
For the generation of catalytic antisense RNAs, we followed the insertion strategy of DNA cassettes as described in detail by Tabler and Tsagris (35) . In brief, the cDNA was cut at an appropriate site with a restriction enzyme, followed by subsequent trimming of the protruding nts, either by nuclease Sj or by mung bean nuclease (see below for protocol). Then, a DNA cassette, which encoded a catalytic domain of hammerhead ribozymes and contained some additional nts that replaced some of those residues that had been removed by trimming, was inserted via blunt end ligation. Due to the insertion of the tetracycline resistance (tet) gene in the catalytic domain, it could be selected for ribozyme constructs, before the resistance gene was eventually excised.
Two different enzymes and protocols were used for the trimming reaction. For trimming with mung bean nuclease we followed a previously described protocol (36) . More specifically, the digested DNA was suspended (0.1 /ig/1 /tl) in mung bean nuclease buffer (50 mM sodium acetate, pH 5.0, 30 mM NaCl, 1 mM ZnSO 4 ). Then 0.5 units of mung bean nuclease (Boehringer Mannheim) per /tg of DNA were added, followed by incubation at 30°C for 30 minutes. The enzyme was inactivated by phenol/chloroform extraction and the DNA was recovered by ethanol precipitation. This protocol delivered a large number of incorrectly trimmed DNA.
For trimming with nuclease S lf the digested DNA was suspended (1 /xg/50 /il) in nuclease S! buffer (500 mM NaCl, 300 mM potassium acetate, pH 4.5, 100 mM ZnSO 4 , 40% glycerol) and pre-cooled on ice. Then one unit of nuclease S! (Boehringer Mannheim) per jig DNA was added, followed by incubation on ice for 10 minutes. The reaction was stopped by the addition of an equal reaction volume of stop buffer (300 mM Tris/HCl, pH 8.0, 50 mM EDTA, pH 8.0) and incubation for 10 minutes at 65 °C with subsequent phenol/ chloroform extraction. The DNA was recovered by ethanol precipitation. This protocol delivered almost exclusively correctly trimmed DNAs.
The plasmid P was digested with Sail (nt 2074) and a Sa/Ispecific DNA cassette was inserted into the trimmed ends (compare Ref. 35 ). These manipulations delivered (after excision of the tet gene) plasmids pP-Rz32, pP-Rz41, pP-Rz62, pP-Rz82 and pP-Rz92. The relevant region surrounding the catalytic domain was sequenced. Plasmid L was digested with SJul (nt 11160) and a CZal-specific cassette (compare Ref. 35 ) was inserted into the trimmed site. The resulting plasmids were pLRzl2, pL-Rzl7, pL-Rz21, pL-Rz40 and pL-Rzl71. Similarly, plasmid L, was manipulated at the SJul site (nt 14809), yielding plasmids pL r Rzll, pL,-Rz42, pL,Rz-72, pL,-Rzl22, pL,-Rzl62, and pL r Rzl82. The Xbal site (nt 9833) of plasmid Lj was used to introduce the Xbal-specific DNA cassette (35) yielding plasmids pL r Rzl9, pL r Rz52, pL r Rzl42 and pLrRzl51.
Generation of specific constructs
In order to generate plasmid pP-Rzl, the two synthetic DNA oligonucleotides SendPlA: d(TCGAGGCCTCATCAGCCCAA-GATAAT) and SendPlB: d(CGATTATCTTGGGCTGATG-AGGCC) were phosphorylated at the 5'-terminus with the aid of T4 kinase, annealed to each other and ligated into the plasmid pP-Rz32 that had been cleaved with Cla\ and Xhol. The same procedure was carried out for the generation of plasmid pP-Rz2 with the two DNA oligonucleotides SendP2A: d(TCGAGGCC-TCATCAGTTCCCAAGATAAT) and SendP2B: d(CGATTAT-CTTGGGAACTGATGAGGCC). For the construction of plasmids pP-Rz3, pP-Rz4, pP-Rz5, pP-Rz6 and pP-Rz7, the In vitro transcription of RNA All plasmids were linearized prior to in vitro transcription. Plasmid P was linearized with Kpnl or Xbal and transcribed with T3 or T7 RNA polymerase, resulting in a ( -) or (+) RNA transcript, respectively. The corresponding plasmids pP-Rz41, pP-Rz62, pP-Rz82 and pP-Rz92 were linearized with Xbal and transcribed with T7 RNA polymerase for generation ribozymes directed against the P (-) RNA, whereas the ( + ) directed ribozyme were synthesized with T3 RNA polymerase from Kpnllinearized plasmids pP-Rz32, pP-Rzl, pP-Rz2, pP-Rz3, pP-Rz4, pP-Rz5, pP-Rz6 and pP-Rz7. Plasmids L and L, were EcoKllinearized and transcribed with T3 RNA polymerase giving rise to (-) or (+) RNAs, respectively and the corresponding plasmids pL-Rzl2, pL-Rz21, pL-Rz40, as well as pL r Rzl9 and pL r Rzl42 were linearized with HindSB. and transcribed with T7 RNA polymerase. Plasmid L| was linearized with Xbal or Pstl and transcribed with T3 or T7 RNA polymerase resulting in ( + ) or (-) RNA, respectively. .Prtl-linearized plasmids pL r Rzl22 and pL r Rzl82 were transcribed with T7 RNA polymerase and Xfol-linearized plasmids pL r Rz72 and pL r Rzl62 with T3 RNA polymerase.
The actual transcription reactions were essentially done as described previously (37) .
Formation of double-stranded RNA
For monitoring the formation of double-stranded RNA, one RNA was radioactively labeled and the other was unlabeled, which was present at least in a 10-fold molar excess, at a concentration of 50-100 nM. Both RNAs were incubated in a 30 /il containing 20 mM Tris/acetate, pH 7.5, 500 mM NaCl, at 60°C for the time given in the particular experiment. The annealing reaction was stopped by placing them on ice and then ethanol precipitated upon addition of 1 /*g of tRNA. Samples were applied to 3% polyacrylamide gels containing 8 M urea as described by Tsagris et al. (38) without dissolving in formamide and without prior heat treatment unless indicated otherwise. After drying the gels, RNAs were visualized by autoradiography.
Ribozyme assay
For assaying the cleavage activity, unlabeled ribozyme RNAs (100-150 nM) were mixed in at least 10-fold molar excess with radioactively labeled substrate RNA in a reaction volume of 20 /A, containing 20 mM MgCl 2 and 50 mM Tris/HCl, pH 8.0. Samples were incubated at 37°C or 60°C for 30 minutes and the reaction stopped after the addition of 1 /xg of tRNA and sodium acetate to a final concentration of 200 mM. The RNAs were collected by ethanol precipitation. The reaction products were separated on a 3-5% denaturing poly aery lamide gel, containing 8 M urea (38) and visualized by autoradiography.
For determination of cleavage rates, radioactively labeled substrate RNA and an at least 10-fold molar excess of unlabeled ribozyme RNA (50-100 nM) were pre-incubated in 30 /tl containing 20 mM Tris/acetate, pH 7.5, 500 mM NaCl for 15 minutes at 60°C. As tested by the complex formation assay, duplex formation occurred in all cases under these conditions. Then, the mixture was kept at 60°C and the ribozyme reaction was started by adding MgCl 2 to a final concentration of 20 mM. The reaction was stopped by EDTA and analyzed as described above. Slices corresponding to the cleavage products PI and P2 and uncleaved substrate RNA (S) were excised and the amount of their radioactivity was determined in a liquid scintillation counter. The portion of uncleaved RNA was determined according to the formula: % of uncleaved RNA = 100-100{P1 + P2)/(P1 + P2 + S). The cleavage rates were plotted in a logarithmic scale versus the time axis using the Microsoft programmes EXCEL 4.0 and LOTUS 1-2-3. The half-life was determined from the slope of the curve and cleavage rates were calculated according to the formula: fc c i ea v = ui2/t^ (39) .
RESULTS
The original intention was to generate several catalytic antisense RNAs directed against the (+) or (-) RNA of Sendai virus. We followed the strategy of incorporating DNA cassettes encoding the catalytic domain of hammerhead ribozymes into cDNA as described by Tabler and Tsagris (35) . This procedure requires cleavage of the cDNA with a suitable restriction endonuclease, followed by a trimming step (for details, compare Fig. 2 of Ref. 35 ) and was applied to four different cloned cDNA fragments of Sendai virus. Two protocols were followed for the trimming reaction. When mung bean nuclease was applied, it was found that the DNA cassette had become incorporated with high frequency at an unexpected sequence context. Obviously, mung bean nuclease had 'nibbled' to various degrees into the doublestranded regions of one or two termini of the cDNA, thus generating some unforeseen deletions. Since we assumed that this Table 1 .
excessive trimming was due to 'breathing' of the DNA ends, a different trimming protocol was applied using nuclease S\ in combination with a reaction temperature of 0°C. This resulted in almost exclusive generation of correct ribozyme constructs. The accidental generation of 'false' ribozyme constructs allowed us to test in how far the formation of consecutively paired helices I and HI within a hammerhead structure are required for catalytic activity. For seven substrate RNAs perfectly matching catalytic antisense RNAs had been generated plus twelve different catalytic antisense RNAs which had deletions of one to nine nts in the regions that form helix I and/or helix HI (compare Table 1 ). These false catalytic antisense RNAs were tested for activity under single-turnover conditions, using radioactively labeled substrate RNA and a molar excess of the ribozyme. Four of the twelve RNAs did not show any detectable activity when tested with their target RNAs (Table 1) , even when tested at 60°C. Whereas ribozymes L-Rzl71, L,-Rzll and L,-Rz42 had deletions in both antisense flanks that form helix I and EH, RNA Lr-Rzl51 had just a deletion in the helix Hi-forming region. On the other hand, all ribozymes in which the deletions had just occurred in the helix I-forming region still had the capacity to cleave their substrate RNAs. This included RNAs with the deletion of a single nt, either 2.1 (L r Rzl9) which had only very weak activity or nt 2.2 (P-Rz62). Neither deletions of the two nts 2.2 and 2.3 (P-Rz92, L,-Rzl82) did eliminate catalytic activity and RNA cleavage was still observed when three (LRzl2) or five (L,-Rzl62) nts were missing in helix I. The data mentioned so far indicate that exact base-pairing was not required for helix I but that deletions in helix HI interfered with activity (compare L r Rzl82 with L,-Rzll and L,-Rz42). There are, however, two notable exceptions to the rule: ribozymes P-Rz41, as well as L-Rz40 showed activity despite rather extensive deletions, not only in helix I, but also in helix HI. Careful analysis of the deletions, however, showed that in each case an alternative hammerhead structure could be formed (Figure 2 ), resulting in cleavage of a different site within the target RNA. In line with the changed position of the cleavage site, it could be observed that the length of the 5' cleavage product was reduced (Figure 3) . 
Introduction of specific mutations
In order to study the effect of deletions or mismatches in helix I or helix HI more systematically, several additional constructs were made. For that purpose, the ribozyme P-Rz32, which was directed against the Sendai ( + ) RNA was mutated (Figure 4 ). The constructs P-Rzl and P-Rz2 had mutations within helix I, 
P-Rz32
P-Rzi P-Rz2 P-Rz3 P-Rz4 P-Rz5 P-Rz6 P-Rz7 Similarly, nt 15.1 or 15.2 were deleted (P-Rz3, P-Rz5) or mutated (P-Rz4, P-Rz6), respectively. In that context it is interesting to note that the introduced base changes in P-Rz4 and P-Rz6 were chosen such that G:U pairs could be formed between substrate and ribozyme RNA, leaving the hammerhead structure intact. However, none of the four RNAs resulted in any detectable cleavage of the substrate RNA. When the G at position 15.3 was deleted in P-Rz7 (which can actually also be considered as deletion of nt 15.4) cleavage activity could be detected.
Determination of the effective cleavage rates
For a more detailed understanding of the influence of base changes in helices I and HI it was essential to determine and correlate the detectable cleavage rates of the various ribozyme constructs. Since some of the mutated RNAs had only reduced catalytic activity, the reaction temperature was shifted to 60°C to avoid very long incubation times. We were interested in any differences in the cleavage process that takes place after the two RNA partners have formed a complex via their complementary sequences. This cleavage process consists of the actual transesterification reaction which might require an additional ratelimiting conformational change (compare Ref. 26 ). To exclude differences in the association kinetics it was necessary to determine the time required for annealing of the two RNAs in the absence of Mg 2+ and to examine whether any of the deletions had an effect. Using the conditions described by Persson et al. (39) , substoichiometric amounts of radioactively labeled L, (+) substrate RNA were incubated with 90 nM of L r Rzl22 at 60°C in the absence of Mg 2+ but in the presence of 20 mM Tris/acetate, pH 7.5, and 500 mM NaCl. Figure 5A shows that the complex was formed within one minute after the two RNAs had been mixed. In order to exclude that die mutations within the ribozyme RNAs influenced die association kinetics, in a similar experiment 80 nM of substrate RNA were mixed with different radioactively labeled ribozyme RNAs ( Figure 5B ). Also in all the other cases die complex was formed rapidly within 30 seconds and 1.5 minutes.
Dissociation of the ribozyme from the cleavage products might falsify the conditions for single-turnover. To exclude this, a control experiment was performed, similar as described above, but this time in the presence of Mg 2+ . The samples of each time point were split and loaded on a gel with and without prior heat treatment. As shown in Figure 5C , the ribozyme remains bound to both of its substrate cleavage products.
For determination of rates of the cleavage process radioactively labeled substrate RNA was pre-annealed with 50-100 nM ribozyme RNA and the reaction was started with the addition of Mg 2+ ( Figure 6 ). Since association with Mg 2+ is quick (40), the cleavage reaction follows first order kinetics under these conditions. Following the turnover of the reaction, the half-lives of the substrate/ribozyme complexes could be determined from the slope of the curve as described in Materials and Methods and shown in Figure 7 , from which the effective cleavage rates (^cieav) were calculated as summarized in Table 2 . In each case the ribozyme RNA with perfectly matching helices I and m was more active than those that had deletions. However, the difference was less dramatic than expected. For example, ribozyme L-Rzl2 which had a deletion of nts 2.2 to 2.4 still showed about 65% of the activity compared with the control. In that case, however, the nts 2.5 and 2.6 are identical with 2.2 and 2.3, so that they could replace them. This RNA could therefore form a three-base helix I which previously had been found sufficient for catalytic activity (41) . Deletion of nts 2.2 and 2.3 also resulted just in an about fourfold reduction in activity (P-Rz92 versus P-Rz92 and L,-Rzl82 versus L r Rzl22) and loss of five nts 2.2 till 2.6 reduced activity just half (L r Rzl62 versus L r Rz72). On the contrary, deletion of only nt 2.2 reduced activity about tenfold (P-Rz62). A dramatic loss in activity was detected when nt 2.1 had been deleted (L r Rzl9 versus L r Rzl42), whereas the loss of nt 15.3 (also to be considered as 15.4) reduced activity only about twofold (P-Rz7 versus P-Rz32). It was also striking that the effective cleavage rates of the perfectly matching catalytic antisense RNAs varied considerably. This cannot be attributed only to the different nature of the cleavable motifs. For example, all the ribozyme constructs PRz32, P-Rz82 and L r Rzl42 cleave GUC motifs that are however, embedded in a different sequence context which results in an about 50-fold higher activity of L,-Rzl42 compared with that of P-Rz32.
DISCUSSION

The influence of the sequence context of a cleavable motif
The cleavable motif of hammerhead ribozymes has been described as NUXI, wherein ' 1' represents the cleavage site and N any nt A, C, G or U and X any but G (5, 10, 13, 14, 18) . The twelve conceivable motifs, however, are cleaved with varying efficiency. For example, the motif GUC which is prevailing in naturally occurring hammerhead RNAs (4) is believed to be cut efficiently. On the contrary, the motif AUC has been described as less cleavable (9, 13) or even uncleavable (18) . These peculiarities found in alternate hammerhead/substrate pairs must reflect different abilities to assume the catalytically active conformation and/or differences in the rate of the chemical cleavage step. Irrespective of which of the two parameters is influenced by the sequence of the cleavable motif, for practical applications the overall efficiency of the cleavage process is important. For the present study we have used pre-annealed ribozyme/substrate complexes, so that association kinetics did not play a role for the observed differences in the overall cleaving capability. The catalytic antisense RNA, i.e. hammerhead ribozymes with long flanking sequences that were used here, generally have lower detectable cleavage rates than determined for short hammerhead RNAs (26, 41) . A comparison of the different ribozyme/substrate pairs showed that the observed cleavage rate is not only influenced by the nature of the cleavable motif itself, but also by its sequence context. For example the Table 2 . Half lives and cleavage rate constants for different Sendai RNA-directed ribozymes determined at 60°C Ribozyme P-Rz32 P-Rz7 P-Rz82 P-Rz92 The values represent average of two experiments and the standard deviation was 109E or less TTus rate constant corresponds to the detectable efficiency of the entire cleavage process after formauon of the complex, it does not necessarily correspond to the rate of the actual chemical step The relative cleavage rates of the mutated (mut) and the perfectly matching 'wild type' ribozyme (wt) which was set to 1.00 for each case.
GUC motif of RNA L|(+) was cleaved about 50-times more efficiently than the GUC motif of RNA P (+) which is embedded in a different sequence context. A more systematic study will be required to analyze the influence of the flanking nts that are actually located outside the catalytic domain.
Base pairing requirements for hammerhead ribozymes
Manipulations within the helix I-forming region of the hammerhead ribozyme resulted in a dramatic loss of detectable cleavage activity when nt 2.1 had been deleted or mutated (together with nt 2.2). On the other hand, destabilization of helix I by deletion of one or several residues between nts 2.2 till 2.6 had only marginal effects on the observed cleavage rates, indicating that continuous base pairing within helix I is beneficial but not absolutely required for cleavage activity. Surprisingly, the deletion just of nt 2.2 reduced ribozyme activity more effectively than the additional deletion of nt 2.3. Conversely, deletions in the helix Hi-forming region strongly effected catalytic activity, which is not surprising since nts 15.1 and 15.2 are not only involved in forming helix HI, but are also considered essential for catalytic activity. In line with this, even the introduction of G:U base pairs which should not destruct the hammerhead structure completely eliminated catalytic activity. Similar observations had been made for a short substrate RNA (14) whereas another RNA was still cleaved in the presence of G:U pairs (18) . If the deletion within helix IE, however, was introduced further away from the catalytic domain, ribozyme activity was not destructed.
The accidental simultaneous deletions within helices I and HI delivered in two cases a catalytically active ribozyme that cuts the substrate RNA at a new site towards the 5' end. This once more demonstrated that helix I can be quite flexible and that consecutive base-pairing is not required.
Specificity of hammerhead ribozymes
According to the data discussed above it is essential for RNA cleavage that the hammerhead ribozyme matches with nucleotides 1.1, 16.1, 16.2 and possibly 16.3 of the substrate RNA. Base pairing to the neighboring nts is beneficial for catalytic activity but not absolutely mandatory, provided the antisense flanks are sufficiently long to ensure tight association of the two RNAs. This is in line with our recent observation that a three-nucleotide helix I in combination with a long helix HI is sufficient for full catalytic activity of a hammerhead ribozyme (41) . The requirement for just three or four essential core nts raises the question whether a hammerhead ribozyme can be sufficiently specific for a substrate RNA when applied in vivo or whether unrelated RNAs might also become cleaved. Based on theoretical considerations Herschlag (42) has concluded that the specificity of a ribozyme decreases with the length of the RNA and that it is conceivable that a hammerhead ribozyme may cleave unrelated species from the pool of cellular RNAs during in vivo applications. However, if an RNA should unintentionally become cleaved it must not only match the core region of the ribozyme RNA sufficiently well, but it must also effectively and rapidly associate with the ribozyme. Duplex formation is kinetically controlled, requiring that both the secondary structures of substrate and ribozyme RNAs have to be overcome. We are not aware that the expression of ordinary antisense RNA has caused unspecific suppression of an unrelated RNA. According to our observations, the complementary regions required for effective association have to be much longer than those required for the actual cleavage reaction. For example, a hammerhead ribozyme with antisense flanks of 8 nts on either side of the catalytic domain could not associate with the target RNA in vitro unless both RNAs had been heat-treated (41) . Similarly, hammerhead ribozymes with short antisense arms on either side required a 1000-fold molar excess before they were active in gene suppression (43) (44) (45) , which is much more than required for suppression by ordinary antisense RNA. In view of this we consider it unlikely that a catalytic antisense RNA with long flanking antisense arms will associate with an unrelated cellular RNA, even if cleavage per se should be possible due to accidental sequence similarities at the cleavable motif.
The observed structural flexibility within helix I and with some limitations also in helix IH might be helpful if RNA viruses are targeted. Due to the missing proofreading activity of viral replicases RNA viruses are believed to have a high mutation rate (46) . Unless the substrate nts 1.1, 16.1, 16.2 or 16.3 are mutated, or nt 17 is converted to a G, the viral RNA should still be cleavable by the ribozyme RNA. This minimizes the chances of a viral RNA to escape die ribozyme, especially if it is attacked simultaneously by several ribozymes.
